Conventional Weyl nodes are twofold band crossings that carry a unit monopole charge, which can exist in condensed matter systems with the protection of translation symmetry. Unconventional Weyl nodes are twofold/multifold band crossings carrying a quantized monopole charge larger than one, and their existence needs the protection of additional crystalline symmetries. Studies on unconventional Weyl nodes are already very comprehensive, such as twofold Weyl nodes with Chern number of C = 2/C = 3 and fourfold/sixfold Weyl nodes with C = 4. Yet in this paper, we propose a newfound twofold unconventional Weyl node with C = 4, which can exist in any chiral cubic systems with integer spin. Such kind of twofold quadruple Weyl node has a cubic band dispersion along [111] direction and will evolve into a fourfold quadruple Weyl node after considering spin-orbit coupling. In this paper, we exhaust all the possible chiral cubic space groups and corresponding k-points, which can have twofold quadruple Weyl nodes. We also propose a series of LaIrSi-type materials that both have twofold quadruple Weyl nodes in electronic systems and the phonon spectra.
I. INTRODUCTION
Unconventional chiral fermions [1] [2] [3] [4] [5] [6] have been well studied owing to the lack of the high-energy counterparts and hosting intriguing physical properties, such as negative magnetoresistance due to "chiral anomaly" [7] [8] [9] [10] [11] [12] , chiral zero sound [13, 14] , photo induced anomalous Hall effect [15] , quantized circular photogalvanic effect [16] [17] [18] [19] [20] , topologically protected Fermi-arc surface states [21] [22] [23] [24] [25] [26] , and so on. Because of the interesting physical properties, studies for unconventional Weyl nodes also have been widely studied in bosonic systems in the last decade, such as phonons [27] [28] [29] , photons [3, 25] , magnons [30] [31] [32] , and so on. Aside from the unconventional Weyl nodes, an interesting one called "Kramers Weyl node", which can only exist in chiral crystals with time-reversal symmetry, also receives wide attention for its unique feature. Kramers Weyl nodes are band crossings located at timereversal-invariant momenta (TRIM) and the chirality for the same Kramers Weyl node depends on the chirality of crystal structure [33] [34] [35] . Since Kramers Weyl nodes are irreducible representations at TRIM, they will be more robust to the perturbations than Weyl nodes locating at non-TRIM and not easy to be created/annihilated in pairs by modulating the parameters of a system. Weyl nodes locating at non-TRIM are usually related to each other by symmetries [24, [36] [37] [38] [39] [40] [41] [42] , yet Kramers Weyl nodes can appear alone without relating to the Weyl nodes with opposite chirality. Thus, a pair of non-Kramers Weyl nodes with opposite chirality will have an equal energy, while Kramers Weyl nodes are free to have different energies. Such kind of energy offset makes Kramers Weyl nodes to be ideal platforms for observing quantized circular photo-galvanic effect (CPGE) in electronic systems, where the induced photo current is proportional to the and spinless systems with time-reversal symmetry (T ). A twofold Kramers Weyl node with Chern number of ±4 is proposed in this paper for the first time. Such kind of twofold quadruple Weyl node can exist in all chiral cubic integer-spin systems with T , and is located at TRIM (We will explain the reasons why it has been missed in the following text). We also propose a series of easily synthesized material candidates that have the twofold quadruple Weyl node in the electronic structure and those in the phonon spectra based on first-principle calculations. All the material candidates have a similar structure with LaIrSi, and some of them are well-known superconductors [43, 44] .
II. QUADRUPLE WEYL NODES
A. Quadruple Weyl nodes in condensed matter physics
The existence of unconventional Weyl nodes in condensed matter physics benefits from a lower symmetry than the Poincaré groups in high-energy physics, which only preserves spin- 1 2 Weyl nodes [7-10, 36, 45] . Among space-group-allowed unconventional Weyl nodes, the ones with a large Chern number received the most attention. For example, unconventional chiral fermions with Chern number of ±4, i.e., quadruple Weyl fermion, have been widely studied in transition metal silicides [46, 47] , as shown in Fig. 1 (a-b). Figure 1 (a) is a sixfold degenerated quadruple Weyl fermion consisting of two identical spin-1 Weyl nodes, so it is also called double spin-1 Weyl fermion. Figure 1 (b) is a fourfold Rarita-Schwinger-Weyl (RSW) fermion [48] , having a Chern number of +1, +3, −1, −3 for each band. The RSW fermion is also named as spin- 3 2 Weyl fermion, because its low-energy effective Hamiltonian can be written as H = k · S, where S is the rotation generators for spin-3 2 particles. Figure 1 (c) is the new quadruple Weyl fermion with twofold degeneracy, having a large Chern number of ±4 for each band. Although the unconventional Weyl fermions with twofold degeneracies have been studied, previous studies have been limited to double Weyl nodes with Chern number of ±2 and triple Weyl nodes with Chern number of ±3, as shown in Fig. 1 (e-f), and studies on twofold degenerated quadruple Weyl nodes were missed. To the best of our knowledge, this is the first time for people to realize that a quadruple Weyl node can be obtained in twofold degenerated bands, which is also the highest Chern number that a twofold degenerated Weyl node can have in crystalline materials. Here we would like to note that twofold quadruple Weyl node can only be obtained in materials with an integer spin and chiral cubic symmetry, i.e., the point groups T and O with T , such as spinless electron, phonon, photon, magnon, and so on.
B. Why missed it
Although a tremendous effort has been made in the studies of unconventional Weyl nodes, most of them focus on multifold ones, such as threefold spin-1 Weyl nodes [28, 49, 50] , fourfold spin- 3 2 points [46, 47, 51] , sixfold double spin-1 Weyl nodes [46, 47, 51] , eightfold double Dirac nodes [1, 4] , and so on [52] . Systematic studies on twofold unconventional Weyl nodes have also been implemented. However, it stopped at double Weyl nodes [53] [54] [55] [56] and triple Weyl nodes [53] [54] [55] in the presence/absence of different rotation symmetries, T , and SU(2) symmetry. The twofold quadruple Weyl node was overlooked in previous works since the cubic symmetry is not taken into consideration, so the largest Chern number of a 2-band system is ±3 in the previous studies.
In general, for a twofold Weyl node with Chern number C=N , an example of the low-energy effective k · p model without considering additional crystalline symmetries can be written as:
constants. Thus, we can obtain a Weyl node with arbitrary Chern number if there is no restriction of crystalline symmetries. In the previous studies, only an influence of the rotation symmetries on the k · p model was considered, but not the cubic symmetry. Thus, a twofold double Weyl node with Chern number of ±2 and a twofold triple Weyl node with Chen number of ±3 were proposed in a system with C 3 /C 4 /C 6 rotation symmetry and in systems with C 3 /C 6 rotation symmetry, respectively, as shown in Fig. 1 (e-f). Under the C 3 rotation symmetry, if we further take cubic symmetry into consideration, a twofold quadruple Weyl node with Chern number of ±4 is possible, as shown in Fig. 1 (c), which will be discussed below. Since the twofold quadruple Weyl node needs the protection of chiral cubic symmetry and T , their locations are restricted at Γ point for all chiral cubic space groups and ( π a , π a , π a ) point for only seven chiral cubic space groups, where a is the lattice constant for the primitive cell. Possible space groups and corresponding irreducible representations required for the twofold quadruple Weyl are listed in Tab I.
In the following, we will discuss the twofold quadruple Weyl node in electronic systems and phononic systems separately, based on first-principle calculations.
III. QUADRUPLE WEYL FERMIONS
A. Crystal structure and quadruple Weyl fermions in LaIrSi-type materials
LaIrSi-type materials [43] contain 3 different kinds of elements and 12 atoms in one primitive cell, as shown in Fig. 2 (a), preserving space group P2 1 3 (#198). k-point (0,0,0) ( π a , π a , π a ) Fig. 2 (b) . In our work, we explore LaIrSi-type materials including LaIrSi, LaRhSi, CaPtSi, XPdSi, XIrP, XPtSi, XPtGe (X=Sr, Ba), which have quadruple Weyl nodes in both the electronic structure and the phonon spectra. In this section, we will focus on the quadruple Weyl fermions in LaIrSi-type materials and the evolution before and after considering spin-orbit coupling (SOC). All LaIrSi-type materials have a twofold degenerated quadruple Weyl node near the Fermi energy in the absence of SOC and a 4-fold degenerated quadruple Weyl after considering SOC in the electronic structure. Quadruple Weyl fermions in LaIrSi-type materials are contributed by the e g orbits from the lanthanide or transition-metal element. Near the Fermi energy, electronic bands are mainly contributed by unconventional Weyl fermions in both the absence and presence of SOC, so physical properties related to unconventional excitations are very likely to be observed. After calculations based on density functional theory (DFT) [57] , we found that topological properties in all the LaIrSi-type materials are the same. Therefore in the following, we will pick up one material, i.e., BaIrP, for further discussion. Electronic structure for other LaIrSi-type materials are listed in the supplementary.
B. Chiral fermions in BaIrP without SOC
In the absence of SOC, the twofold degeneracy node in BaIrP at Γ point is a quadruple Weyl node W 1 with a monopole charge of −4 for the valence band. As shown in Fig. 3 (a) , the blue line is the valence band and the red line is the conduction band. Another degenerated node between the valence band and conduction band along Γ-R direction is a spin-1 2 Weyl node W 2 with a monopole charge of −1, as shown in Fig. 3 (b) . Here, we would like to note that there are 8 W 2 Weyl nodes in the BZ due to the symmetries of BaIrP, and their positions are listed in Tab. II and marked by green circles in Fig. 2 (c). The sum of the monopole charge for Weyl nodes W 1 and W 2 are −12, which means that there should be several Weyl nodes with a total monopole charge of +12 according to the no-go theorem [58] . After a numerical calculation, we find that there are 12 spin-1 2 Weyl nodes W 3 , each of them carries a monopole charge of +1. Those 12 spin- Figure 2 (c) also shows the approximate positions for Weyl nodes on the surface BZ along [001] direction, where the green dots represent the Weyl nodes with a negative monopole charge and the red dots represent the Weyl nodes with a positive monopole charge. In the spinless case, the black dot at Γ/Γ is the quadruple Weyl node with a monopole charge of −4.
C. Chiral fermions in BaIrP with SOC
After considering SOC, the spin-1 2 Weyl node W 2 will evolve into a quadratic double Weyl node W 2 , which is a twofold double Weyl node with a Chern number of ±2 for each band, due to the presence of C 3 rotation symmetry along Γ-R direction and T . Therefore the sum monopole charge contributed by the Weyl node W 2 will be −16, instead of −8 in the spinless case. However, every spin-1 Weyl node W 3 will split into two spin- 1 2 Weyl nodes (W 3 and W 3 ) due to lack of rotation symmetry at the W 3 point, and they will contribute a total monopole charge of +24. Among those 24 Weyl nodes, 12 of them (W 3 ) will be located around their original positions, and the other 12 Weyl nodes W 3 will move close to Γ point when SOC is gradually turned on, and will be annihilated with 12 Weyl nodes W 1 coming from Γ point. What happens to the quadruple Weyl node W 1 is the most interesting one. The quadruple Weyl W 1 is expected to have a total monopole charge of −8 after considering SOC. Nevertheless, our calculation shows that the e g orbitals forming the twofold quadruple Weyl node will evolve into a spin- 3 2 Weyl node with a monopole charge of +4. Thus, the monopole charge for the Weyl node W 1 at Γ point changes both the chirality and value after considering SOC, and we will explore this puzzle in the next sec- tion. Figure 2 (c) also shows the approximate positions for Weyl nodes after considering SOC both in the bulk BZ and in the surface BZ along [001] direction. In the spinful case, the black dot at Γ/Γ is the spin- 3 2 Weyl node with a monopole charge of +4. Once SOC is turned on, twofold quadruple Weyl node W1 at Γ point will evolve into a fourfold quadruple Weyl node W 1 with 12 Weyl nodes W 1 around, and 12 Weyl nodes W3 will evolve into 12 Weyl nodes W 3 and 12 Weyl nodes W 3 . As the value of SOC increases, the Weyl nodes W 1 and W 3 will move close to each other, which are labelled by arrows in (g-i), and are annihilated with each other when SOC is 50% of the original value.
Weyl fermions, we calculated the surface local density of states (LDOS), which is the imaginary part of surface Green's function [59, 60] , along [001] direction. Figure 4 (a-b) are the LDOS at -0.16eV along [001] direction without/with SOC.
On the [001] surface, T and the in-plane translation symmetry are the only symmetries left. In the spinless case, the quadruple Weyl W 1 node at Γ point will be projected toΓ, and the Weyl node W 2 along Γ-R direction will be projected toΓ-M direction, as shown in Fig. 4 (a) . The Weyl nodes W 3 will be projected to different positions on the surface BZ, but around the quadruple Weyl node atΓ. According to the bulk-boundary correspondence, there will be four Fermi arcs coming out from the quadruple Weyl node atΓ, and connected to the Weyl nodes with different chirality, as shown in Fig. 4 (a) . After taking SOC into consideration, the twofold quadruple Weyl W 1 atΓ will evolve into a fourfold quadruple Weyl node W 1 , and its monopole charge changes to positive at the same time. As shown in Fig. 4 (b) , all the Fermi arcs are coming from the fourfold quadruple Weyl node W 1 and the Weyl node W 3 , connecting to the quadratic double Weyl node alongΓ-M direction.
In order to show the relationship between the nonzero Chern number and the number of Fermi arcs, we calcu-late the surface states along a clockwise loop surroundinḡ Γ, both in the spinless case and in the spinful case. Surface states shown in Fig. 4 (c) are along the loop K 1 -K 2 -K 3 -K 4 -K 1 , which surrounds only the twofold quadruple Weyl node W 1 , as marked in Fig. 4 (a) . Thus, there are four surface states connecting from the conduction band to the valence band, which demonstrate the existence of the quadruple Weyl node with a Chern number of −4. Surface states shown in Fig. 4 (d) are along a larger loop K 1 -K 2 -K 3 -K 4 -K 1 , which includes the fourfold quadruple Weyl node W 1 and the four Weyl node W 3 , as shown in Fig. 4 (b) . Thus, there are eight surface states connecting from the valence band to the conduction band, which demonstrates a C=+8 spectral flow.
E. Evolution for Quadruple Weyl fermions
As we discussed above, both the value of monopole charge and the chirality of the quadruple Weyl node W 1 have changed after considering SOC. To figure out the influence of SOC in this process, we gradually increase the value of SOC in the DFT calculation. Figure 5 (a) shows the dispersion of BaIrP along X-Γ-k w direction with the twofold quadruple Weyl node without SOC, where k w is the position for the Weyl node W 1 generated from Γ point. After turning on the SOC, we find that the twofold quadruple Weyl carrying a monopole charge of −4 will become a fourfold one carrying a monopole charge of +4, and generate 12 spin-1 2 Weyl fermions W 1 carrying a monopole charge of −1. When the value of SOC becomes larger, the spin-1 2 Weyl node W 1 will move far from Γ point and be annihilated with 12 spin-1 2 Weyl node W 3 when the value of SOC is 50% of the original one.
In order to have a better understanding for this process, we also calculated the Fermi arcs along [001] direction with different strength of SOC, which are shown in Fig. 5 (g-j) . Figure 5 (g) shows the Fermi arcs with 10% of the original SOC, where the Weyl node W 3 will be doubled into W 3 and W 3 with a monopole charge of +1 for each node, and the twofold quadruple Weyl node W 1 with a monopole charge of −4 will evolve into a fourfold quadruple Weyl node W 1 with a monopole charge of +4 and 12 Weyl node W 1 around with a monopole charge of −1 for each node. When the strength of SOC become larger, the Weyl nodes W 1 and W 3 with different monopole charge will move closer to each other along the directions marked by the arrows, and be annihilated when the value of SOC is 50% of the original one.
F. k · p analysis for Quadruple Weyl fermions
In the absence of SOC, the low-energy effective k · p model for the spin-up electrons is a two-dimensional Hamiltonian:
, and A and B are real constants. Details for the derived process are in the supplementary. The twofold degenerated quadruple Weyl node has a monopole charge of −4, which is the largest monopole charge that a twofold degenerated Weyl can have in crystalline materials. It has a k 3 dispersion along the [111] direction and k 2 dispersion along other directions. Such kind of high-order terms in the dispersion will lead to a larger density of states than other unconventional Weyl fermions, which always have a linear term in k and contributes less topological carriers.
After considering SOC, the k · p model at Γ is derived up to the linear order in k as: 
BaIrP will have a different energy with other Weyl nodes.
Since the CPGE induced current is proportional to the monopole charge of the Weyl node and the applied optical intensity, the energy offset and large Chern number for the Weyl node make BaIrP and other LaIrSi-type materials ideal platforms to obtain quantized CPGE with a Chern number of ±4.
Here we would like to note that, the chirality for the quadruple Weyl in LaIrSi-type materials will be changed when the chirality of crystal changes, and so is the chirality of the circularly polarized light in CPGE. Thus, the CPGE effect can help to obtain the chiral properties both for crystal structures and for Weyl nodes.
IV. QUADRUPLE WEYL PHONONS
As we discussed above, quadruple Weyl nodes can be obtained in systems preserving both chiral cubic sym-metry and T , such as LaIrSi-type materials. However, not like in electronic systems where 3 kinds of quadruple Weyl nodes can exist, there is only one kind of quadruple Weyl node in phonon spectra, i.e., twofold quadruple Weyl node. In the following, we will take BaPtGe as an example to discuss the quadruple Weyl nodes.
A. Quadruple Weyl nodes in BaPtGe
BaPtGe also belongs to LaIrSi-type materials, with space group of #198, and the crystal structure is shown in Fig. 6 (a) . Figure 6 (d) shows the phonon spectra for BaPtGe, where the 4th band and 5th band form a quadruple Weyl node at Γ point, with Chern number of C = +4. Like the spinless case in BaIrP, there are also 8 single Weyl nodes W 2 with Chern number of C = +1 along the diagonal high-symmetry Γ − R lines, and 12 single Weyl nodes W 3 with Chern number of C = −1 located on the k x,y,z =0 planes, as shown in Fig. 6 (c) . Positions for those three kinds of Weyl nodes are listed in Tab. III.
To figure out the surface arcs connection between the quadruple Weyl node and single Weyl nodes, we calculated the LDOS at 1.46THz along [001] direction, as shown in Fig. 6 (e) . Due to the surface-bulk correspondence, there are 4 surface arcs coming from the quadruple Weyl node W 1 at Γ point, and connecting to the Weyl nodes W 3 . Because T and the in-plane translation symmetry are the only symmetries left on the [001] surface, the surface arcs are related by T symmetry.
B. Dynamical structural factor
In addition to the nontrivial surface arcs, directly probing on the bulk bands can also help to demonstrate the existence of quadruple Weyl nodes in the phonon spectra. For example, in the measurements of neutron scattering and inelastic X-ray scattering (IXS), the intensity of phonon dynamic structure factor (DSF) highly depends on the vibrational mode and momentum transfer. Thus, intensity for the bands composing the quadruple Weyl node will be different at different momenta. Moreover, the intensity will also be different at the same momenta in the different BZ. Figure 6 (f) is the DSF calculation simulating IXS measurements along X-Γ-X direction, which extends over two BZ. Although the phonon dispersions are the same along X (1.5,0,0)-Γ (2,0,0) and Γ (2,0,0)-X (2.5,0,0) direction, which has a large splitting between the two bands forming the quadruple Weyl node, the DSF is highly different due to the different momentum transfer. Thus, by detecting the DSF at different momenta, we can directly trace out the topological nature of quadruple Weyl node in BaPtGe. 
C. Pseudospin for quadruple Weyl nodes
As a spin-0 particle, phonons do not possess any spin properties. However, we can study the relationship between the pseudospin texture and the Chern number for Weyl nodes by using the low-energy effective k · p model H 2×2 (k) = f i=x,y,z (k) · σ i=x,y,z , where σ i is the Pauli matrix and the parameters f (k) determine not only the Chern number, but also the pseudospin texture. Here, we define a pseudospin to beŜ i ≡ fi(k) |fi(k)| , and it is in fact an expectation value of σ i for the upper band: S i =< ψ upper |σ i |ψ upper >, where ψ upper denotes the wavefunction for the upper band forming the Weyl node. For example, Figure 7 (a) shows the pseudospin configuration for a spin-1 2 Weyl node. When there is a gap everywhere on the sphere enclosing the Weyl node, the way that the pseudospin wrapping the sphere defines a wrapping number M .
The wrapping number is defined by an integral M = 1 8π´SŜ · ( ∂Ŝ ∂ki × ∂Ŝ ∂kj ) · ijknk dS k over a closed surface enclosing the Weyl node, and dS k denotes the surface element. This is an integer topological index characterizing a mapping from the two-dimensional closed surface S to the pseudospinŜ taking a value on a unit sphere. Thus, this wrapping number M represents how many times the pseudospin sweeps out the sphere. In fact, this wrapping number for the pseudospin is equal to the Chern number, i.e., M = C. Therefore, for Weyl nodes with Chern number C = ±1, pseudospinŜ will take every value once on the sphere, as shown in Fig. 7 (a) . For other twofold degenerated Kramers Weyl nodes with Chern number of ±2, ±3, and ±4, the pseudospin will cover the Weyl node twice, three and four times, as shown in Fig. 7 (b-d) . In order to show the wrapping process for the pseudospin texture more clearly, we calculated the pseudospin texture on a circle located at k z = 0 plane for each system. As shown in the upper-right insets of Fig. 7 (a-d) , pseudospin texture on the circle wraps differently in systems carrying a different Chern number.
Since pseudospin around the twofold quadruple Weyl node proposed in our paper wraps the unit sphere four times in a complex way, as shown in Fig. 7 (d) , we will offer an intuitive perspective to understand it. According to the Hamiltonian H nsoc in Sec.III F, pseudospin components areŜ x = (k 2
Due to the existence of C 3 rotation in chiral cubic systems, S x andŜ y will be zero along four diagonal directions, leaving the pseudospin componentŜ z pointing at out-ofplane ±k z direction, as shown in Fig. 7 (e). However, when k is small enough, and away from four diagonal lines,Ŝ x andŜ y components will contributes more than S z component, and makes the pseudospin lies in the k x k yplane. Thus, contribution to the wrapping number from the vicinity of the eight points along diagonal directions will depend on two parameters according to the definition formula, i.e., the sign ofŜ z component at the eight points and the wrapping phase θ (= ±2π) of pseudospin (Ŝ x ,Ŝ y ) nearby. Those two parameters are similar with vorticity and helicity of skyrmions, which are needed to define the skyrmion wrapping number [61] [62] [63] . The sign of k x k y k z determines the sign of pseudospin component S z at k being in the diagonal directions, as labeled in Fig. 7 (e) , which has a positive sign at the (k, k, k) momentum with k > 0. Pseudospin on the circle perpendicular to the [111] direction are shown in the inset of Fig. 7 (f) , which has a 2π wrapping phase. Thus, the pseudospin around the (k, k, k) momentum contributes to a 1 2 wrapping number. Namely, the contribution from the vicinity of a point in the diagonal direction is given byŜ z · θ 2π · 1 2 (=± 1 2 ). In the vicinity of the (−k, −k, −k) momentum, although the sign of pseudospin component S z is negative, pseudospin on the circle perpendicular to the [111] direction will have a −2π wrapping phase, which will also contribute a 1 2 wrapping number. Due to the existence of C 2x,2y,2z rotation symmetry in chiral cubic crystals, other six momenta along diagonal directions will also contribute a 1 2 wrapping number. Thus, the wrapping number in this system will be +4 in total.
V. METHODS
All the band structures are implemented in Vienna ab initio package (VASP) [64] [65] [66] [67] within the Perdew-Berke-Ernzerhof (PBE) exchange correlation [57] . For the electronic structure calculations, a k-point mesh of 7 × 7 × 7 is used in the self-consistent calculation, and the cut-off energy for the plane-wave basis is 450 eV. WANNIER90 package [68] is used for calculating the Wannier function based numerical tight-binding Hamiltonian, which is used for surface states and Fermi arcs calculations. For the phonon spectra calculation, density functional perturbation theory is used after a crystal structure relaxation with a condition that residual force on each atom is less than 0.01 eVÅ −1 . Chern numbers are calculated by the Wilson-loop method [69, 70] , and the crystal structures are obtained from inorganic crystal structure database (ICSD) [71] .
VI. CONCLUSION
We proposed a new kind of unconventional Kramers Weyl node, i.e., twofold degenerated quadruple Weyl node with Chern number of ±4 for each band that has been missed in the previous studies. A series of LaIrSitype materials are proposed in our paper that have such kind of twofold quadruple Weyl node in the spinless electronic band structure and phonon spectra. After considering SOC, the twofold quadruple Weyl node will evolve into a fourfold quadruple Weyl node with several spin-1 2 Weyl nodes around. As a member of Kramers Weyl fermions, the twofold degenerated quadruple Weyl node also preserves exotic transport and optical phenomena, among which we would like to note that LaIrSi-type materials are ideal candidates for quantized circular photogalvanic effect. This is because in LaIrSi-type materials, the Kramers Weyl node has a large monopole charge and there is a big energy offset between the Weyl nodes with different chirality [16, 72] . In the discussion of quadruple Weyl phonon, we also discuss the relationship between the monopole charge and pseudospin wrapping number for Weyl nodes with different Chern numbers. Among them, the twofold quadruple Weyl node has an exotic pseudospin texture, and we offered a new and intuitive way to understand it. Figure 8 and 9 show the band structure of other 10 materials for LaIrSi family. They all have a 2-band quadruple Weyl at Γ point when the spin-orbit coupling(SOC) is ignored, and 4-band quadruple Weyl when SOC is taken into consideration. All the materials in LaIrSi family are filling-enforced semimetals, which means that there will alway be a quadruple Weyl near the Fermi level regardless of the calculation methods.
SUPPLEMENTARY: k · p MODEL
To explore the topological nature of quadruple Weyl Fermions and the change of chirality after considering SOC, we build the low-energy effective k · p mode for further analysis. Generators for #198 are: In the absence of SOC, the k · p model is a twodimensional one. The irreducible representation matrix for time-reversal symmetry is T =σ x K, and that for all the generators are: Figure 9 . Band structures for the other 10 materials in LaIrSi-type family in the presence of spin-orbit coupling.
numbers.
